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The method of sensitized photoinactivation based on the photosensitized damage of gramicidin A (gA) molecules was applied here to study
ionic channels formed by minigramicidin (the 11-residue analogue of gramicidin A) in a planar bilayer lipid membrane (BLM) of different
thickness. Irradiation of BLM with a single flash of visible light in the presence of a photosensitizer (aluminum phthalocyanine or Rose Bengal)
generating singlet oxygen provoked a decrease in the minigramicidin-induced electric current across BLM, the kinetics of which had the
characteristic time of several seconds, as observed with gA. For gA, there is good correlation between the characteristic time of photoinactivation
and the single-channel lifetime. In contrast to the covalent dimer of gA characterized by extremely long single-channel lifetime and the absence of
current relaxation upon flash excitation, the covalent head-to-head dimer of minigramicidin displayed the flash-induced current decrease with the
kinetics being strongly dependent on the membrane thickness. The current decrease became slower both upon increasing the concentration of the
minigramicidin covalent dimer and upon including cholesterol in the membrane composition. These data in combination with the quadratic
dependence of the current on the peptide concentration can be rationalized by hypothesizing that the macroscopic current across BLM measured at
high concentrations of the peptide is provided by dimers of minigramicidin covalent dimers in the double β5.7-helical conformation having the
lifetime of about 0.4 s, while single channels with the lifetime of 0.01 s, observed at a very low peptide concentration, correspond to the single-
stranded β6.3-helical conformation. Alternatively the results can be explained by clustering of channels at high concentrations of the
minigramicidin covalent dimer.
© 2007 Elsevier B.V. All rights reserved.Keywords: Channel-forming peptide; Planar lipid bilayer; Ionic current; Sensitized photoinactivation; Membrane thickness; Hydrophobic mismatch1. Introduction
Functioning of biological ion channels is determined by
properties of both channel-forming proteins and membrane
lipids, in particular, by hydrophobic matching of the proteins
and the lipid bilayer [1–3]. With the bacterial porin OmpA, it
has been shown that the kinetics of channel folding depends on
membrane thickness [4,5]. According to theoretical studies [6],
the transition between open and closed conformations of a
potassium channel is affected by protein–lipid hydrophobicAbbreviations: BLM, bilayer lipid membrane; gA, gramicidin A; AlPcS3,
aluminum trisulfophthalocyanine; DPhPC, diphytanoylphosphatidylcholine
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doi:10.1016/j.bbamem.2007.01.006matching. A series of research works on ion channels formed by
pentadecapeptide gramicidin A (gA, see the sequence in Table
1) in planar bilayer lipid membranes have revealed the
dependence of open channel lifetime and the conformational
preference on membrane thickness [7–13]. The consequences
of hydrophobic mismatch are expected to be more pronounced
for derivatives of gA with a shortened amino acid sequence
[14,15]. Actually channels formed by a truncated gA analogue
called minigramicidin (with four amino acids omitted from the
N terminus as compared to gA) are substantially stabilized in
thinner membranes [14].
It is generally accepted that the open state of the gA channel
represents a hydrogen-bridged, head-to-head transmembrane
dimer of gA molecules having the conformation of a right-
handed single-stranded β-helix with 6.3 residues per turn [16–
Table 1
Peptides used in the present work
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are characterized by very long duration [24,25]. Surprisingly
single-channel measurements have revealed modest difference
in the mean dwell time of channels formed by minigramicidin
and its covalently linked derivative [14]. Rather low stability of
single channels formed by the minigramicidin covalent dimer
may imply that another channel structure contributes to the
conductance induced by this compound. Noteworthy, according
to the observations of Stark et al. [26] made under multi-channel
conditions, covalent dimers of gA apparently form aggregates
being in equilibrium with the conducting state. As shown by
Arndt et al. [27], in organic solvents, the minigramicidin
covalent dimer can adopt two conformations: the right-handed
single-stranded β6.3-helix and a left-handed double-β-helix
with 5.7 residues per turn, the latter structure representing the
dimer of covalent dimers. According to the data of [11] and
[28], the double-stranded helical dimer of gA can form ion
channels only in thick and unsaturated lipid bilayers where this
structure is energetically more beneficial. The important role of
the double β5.7-helix in the channel-forming activity can be
suggested for minigramicidin, as the problem of the hydro-
phobic mismatch becomes more acute in the case of this
shortened gA analogue [14]. To further elucidate the mechanism
of minigramicidin channel operation, we applied here the
sensitized photoinactivation method [29]. According to a series
of studies, this approach allows to examine the kinetics of gA
channels [30–39], in particular, to determine rate constants of
gA channel formation and dissociation [29]. The results
obtained in the present work show that the properties of the
conducting state of the minigramicidin covalent dimer observed
under single-channel conditions differ substantially from those
examined at high peptide concentrations. The latter conditions
obviously promote minigramicidin clustering that may result in
the formation of the double β5.7-helix or other aggregated
forms.
2. Materials and methods
Minigramicidin and minigramicidin covalent dimer were synthesized as
described in [14]. Planar bilayer lipid membranes (BLMs) were formed from a
2% solution of diphytanoylphosphatidylcholine (DPhPC, Avanti Polar Lipids,
Alabaster, AL) in n-decane or other solvents (squalene, hexadecane) (Merck,
Darmstadt, Germany) by the brush technique on a hole in a Teflon partition
separating two compartments of a cell containing aqueous buffer solutions. A
cell with a 0.15-mm diameter hole was used in single-channel experiments, and
one with a 0.55-mm diameter hole was used in multi-channel experiments. Thebathing solution used was 1 M KCl (or 0.1 M KCl), 10 mM Tris, 10 mM MES,
10 mM β-alanine, pH=7.0. The electrical current (I) was measured with
Keithley 428 amplifier, digitized by a LabPC 1200 (National Instruments,
Austin, TX) and analyzed using a personal computer with the help of WinWCP
Strathclyde Electrophysiology Software designed by J. Dempster (University of
Strathclyde, UK). A voltage of 30 mV (unless otherwise stated) was applied to
BLM with Ag–AgCl electrodes placed directly into the cell. In single-channel
experiments, a patch-clamp amplifier (model BC-525C, Warner Instruments,
Hamden, CT) was used for current measurements. Minigramicidin monomer
(Table 1, see also compound 1 in [14]) was added at two sides of BLM, the
minigramicidin covalent dimer (see compound 3 in [14]) was added at one side
(both from ethanol solutions). Aluminum trisulfophthalocyanine (AlPcS3) from
Porphyrin Products, Logan, UT, or Rose Bengal (Sigma) was added to the
bathing solution at the trans-side (the cis-side is the front side with respect to the
flash lamp) in the sensitized photoinactivation experiments. BLMs were
illuminated by single flashes produced by a xenon lamp with flash energy of
about 400 mJ/cm2 and flash duration <2 ms. A glass filter cutting off light with
wavelengths <500 nm was placed in front of the flash lamp. To avoid electrical
artifacts, the electrodes were covered by black plastic tubes.
3. Results
It has been shown by Rokitskaya et al. [29] that a flash of
visible light in the presence of a photosensitizer provokes a
transient decrease in the electric current (I) induced by gA
across a DPhPC/decane membrane. The time course of this
transient decrease (called sensitized photoinactivation kinetics)
is well approximated by single exponential I= I0+A·exp(− t/τ)
with τ (the characteristic time of photoinactivation) correspond-
ing to the gA single-channel lifetime. In the case of a DPhPC/
squalene membrane, the photoinactivation kinetics of gA
becomes biphasic [29,40]: it contains a fast (shorter than
1 ms) phase attributed to sensitized photodamage to the gA
conducting form (dimers), apart from the slow phase with τ of
the order of 2 s associated with a shift of dimer–monomer
equilibrium as a result of photodamage to gA monomers.
In our experiments minigramicidin appeared to be unable to
induce the ionic current across a DPhPC/decane membrane
even at concentrations higher than 10 μM, whereas it was an
active channel former in a thinner DPhPC/squalene membrane,
in agreement with the data of [14] where single-channel
properties of minigramicidin were firstly described. Upon flash
excitation in the presence of a photosensitizer (AlPcS3), the
current induced by minigramicidin across a DPhPC/squalene
membrane exhibited photoinactivation (Fig. 1A) which was
much more pronounced (as judged by its amplitude) than that
with gA (Fig. 1B). The minigramicidin photoinactivation
Fig. 1. Sensitized photoinactivation of channels formed by minigramicidin
(panel A) and gramicidin A (panel B). Experimental curves represent time
courses of the decrease in the peptide-mediated current across BLM after a flash
of visible light (at t=0 s) in the presence of 1 μMAlPcS3. The normalized values
of the current (I/I0) are plotted versus the time. The initial current (I0) was
approximately 0.1 μA. The BLM voltage was 30 mV. The membranes were
formed from the solution of DPhPC/squalene. The bathing solution was 1 M
KCl, 10 mM Tris, 10 mM MES, pH 7. Grey lines show single exponential fits
y=y0+a · exp(− t/τ) with τ=2.6 s (panel A) and τ=2.9 s (panel B).
Fig. 2. Sensitized photoinactivation of channels formed by the minigramicidin
covalent dimer (A–C). The initial current (I0) was approximately 0.5 μA. The
membranes were formed from solutions of DPhPC/decane (A), DPhPC/
hexadecane (B) and DPhPC/squalene (C). Other conditions were as in Fig. 1.
Grey lines show single exponential fits y=y0+a · exp(− t/τ) with τ=0.32 s (A),
τ=1.5 s (B), and τ=21.8 s (C).
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photoinactivation was close to that of the slow phase for gA
under these conditions. Importantly, the minigramicidin photo-
inactivation was not observed in the absence of the photo-
sensitizer in the membrane-bathing solution, in agreement with
the previous data on gA [41,42].
In a membrane there exists a balance between conducting
and nonconducting forms of a channel former, dimers and
monomers in the case of gA. The analysis performed by
Rokitskaya et al. [29] have shown that the slow phase of the
kinetics of gA-sensitized photoinactivation reflects the transi-
tion of a system to a new equilibrium state after a concentration
jump caused by flash-induced damage to a portion of
monomers. This transition manifests itself in the reduction of
the current due to the decrease in the concentration of
conducting dimers to the equilibrium level. The time course
of this transition is determined by the rate constants of gA
channel formation and dissociation, which manifests itself, in
particular, in the acceleration of the photoinactivation kinetics at
high gA concentrations. Consistently with this point of view, thecovalent dimer of gA does not exhibit the sensitized
photoinactivation kinetics [29]. Surprisingly, the minigramici-
din covalent dimer displayed the pronounced photoinactivation
kinetics in the time scale of seconds (Fig. 2) that was
decelerated upon increasing the peptide concentration (Fig. 3)
in contrast to the gA kinetics. To explain these results, we
propose that the minigramicidin covalent dimer photoinactiva-
tion kinetics also reflects relaxation after a flash-induced shift in
the equilibrium between conducting and nonconducting forms,
but the nature of these forms is different for minigramicidin as
compared to gA.
The sensitized photoinactivation kinetics of the minigrami-
cidin covalent dimer was well fit by a single exponential with
Fig. 3. (A) The dependence of the characteristic time of photoinactivation (τ) on
the electrical current across the DPhPC/decane membrane (I0) mediated by the
covalent dimer of minigramicidin. The photosensitizer was Rose Bengal (1 μM).
Insert. Sensitized photoinactivation kinetics of the minigramicidin covalent
dimer in the DPhPC/decane membrane in the presence of 1 μM Rose Bengal.
The initial current (I0) was approximately 0.1 μA and τ=0.18 s. (B) Sensitized
photoinactivation kinetics of the minigramicidin covalent dimer in the DPhPC/
cholesterol/decane membrane (DPhPC/cholesterol=1:1, mole/mole). Grey line
is a monoexponential with τ=6.9 s. Other conditions were the same as in panel
A, insert.
Fig. 4. The temperature dependence of the characteristic time of photoinactiva-
tion (τ) of the minigramicidin covalent dimer in coordinates ln(τ) versus 1/T. The
photosensitizer was Rose Bengal (1 μM). The membranes were formed from the
solution of DPhPC/decane.
Fig. 5. The dependence of the electrical current across the DPhPC/decane
membrane on the concentration of the minigramicidin covalent dimer at a
voltage of 30 mV applied to BLM. The solution was: 1 M KCl, 10 mM Tris,
10 mM MES, pH 7. The solid line has a slope of 1.8 in a lg–lg scale.
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DPhPC/hexadecane membrane (Fig. 2B), and 21.8 s—in a
DPhPC/squalene membrane (Fig. 2C). It should be noted that in
a DPhPC/squalene membrane the photoinactivation kinetics
contained two components: one was too fast to be resolved and
the other with τ=21.8 s. The fast component comprised 30% of
the total photoinactivation response (Fig. 2C). It is known that
the thickness of the membrane decreases if using hexadecane
and especially squalene compared to decane in the membrane-
forming solution [7–9,43]. It may be concluded therefore that
the value of τ for the minigramicidin covalent dimer decreased
as the membrane thickness increased, in agreement with the
data of [14].
Fig. 3A illustrates the dependence of the characteristic time
of photoinactivation (τ) on the initial electrical current induced
by the minigramicidin covalent dimer across a DPhPC/decane
membrane (I0), which is proportional to the amount of the
peptide in the conducting form. It is seen that τ increased about
three times as the value of I0 rose from 0.01 μA to 0.9 μA (Fig.
3A). In these experiments Rose Bengal was used as a
photosensitizer (1 μM), which provoked up to 40% decreasein the value of the current upon a flash of light (Fig. 3A, insert).
The addition of cholesterol to the membrane-forming solution
(DPhPC/cholesterol = 1:1, mole/mole) caused pronounced
deceleration of the minigramicidin covalent dimer photoinacti-
vation kinetics (Fig. 3B) that could be ascribed to reduction of
the rate constants determining the equilibrium between
conducting and non-conducting states of the minigramicidin
covalent dimer.
Fig. 4 presents the temperature dependence of τ for the
minigramicidin covalent dimer. The linear approximation of
this dependence in Arrenius coordinates (ln(1/τ) versus 1/T)
gave an activation energy of 14.4 kcal/mole. This parameter
measured for gA under identical conditions was equal to
22 kcal/mole [29] which was very close to the activation energy
of gA channel dissociation determined in single-channel and
voltage-jump experiments [44,45]. This suggests that the
channel dissociation makes predominant contribution to the
photoinactivation kinetics. In the case of gA, six hydrogen
bonds are to be broken in the course of the dimer dissociation.
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minigramicidin covalent dimer as compared to gA could imply
that less hydrogen bonds are involved in the formation of the
conducting state of the minigramicidin covalent dimer.
Fig. 5 shows the typical dependence of the electrical current
across a DPhPC/decane bilayer on the concentration of the
minigramicidin covalent dimer. The slope of the dependence in
a log–log scale was 1.8±0.2. Apparently, the conducting form
of the covalent dimer of minigramicidin is not a monomer, butFig. 6. The single-channel recordings (A, D) and the corresponding current histogram
the DPhPC/decane (panels A–C) or DPhPC/cholesterol/decane (panels D, E) membr
duration histogram fitted by a single exponential with a time constant of 10 ms.rather a dimer of covalent dimers. From the data obtained by
Arndt et al. [27] it follows that the single-stranded β6.3-helical
conformation mostly contributes to the CD spectrum of the
minigramicidin covalent dimer in DMPC vesicles (see Fig. 5B
in [27]). However, some features of this spectrum differing from
those of the corresponding gA spectrum, namely a minimum at
205 nm and zero ellipticity at 230 nm, also point to the presence
of the double-stranded helix [46,47]. Remarkably, the quadratic
dependence of the minigramicidin covalent dimer-induceds (B, E) of the minigramicidin covalent dimer at a voltage of 100 mVapplied to
ane. The solution was 1 M KCl, 10 mM Tris, 10 mMMES, pH 7. (C) Open state
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indicates that the double β5.7-helix is the predominant
conducting form of this peptide, in contrast to gA under similar
conditions. This can be explained by the increased hydrophobic
mismatch in the case of minigramicidin as compared to gA.
Actually it was shown earlier [11,47] that the ratio of the single-
stranded and double-stranded forms of gA is determined by
matching of the peptide length and the membrane thickness.
It was important to compare the kinetic parameter τ
measured in the photoinactivation experiments with the
single-channel lifetime. Good correlation established between
these two parameters in the case of gA [30] suggests that the
kinetics of gA photoinactivation is determined by the rate
constant of dimer dissociation, which is reversal to the single
channel lifetime. Fig. 6 shows single-channel recordings of the
minigramicidin covalent dimer in DPhPC/decane (A) and
DPhPC/cholesterol/decane (D) membranes. For the DPhPC/
decane membrane, the channel lifetime histogram could be well
fit by a single exponential with a time constant of 10 ms (Fig.
6C), the average conductance was 27 pS in 1 M KCl (Fig. 6B).
These values are close to the single-channel data presented by
Arndt et al. [14] for the minigramicidin covalent dimer in a
DOPC/cholesterol/decane membrane, while the channel life-
time is substantially longer in thinner membranes [14,48]. For
the DPhPC/cholesterol/decane membrane (Fig. 6D), most of
single-channel events were too short-lived to be resolved,
suggesting shorter (than that without cholesterol) single channel
lifetime under these conditions. The current amplitude histo-
gram determined for 170 s (Fig. 6E) did not show a clear
maximum corresponding to the open state. However, the right
shoulder can be described by the Gaussian with a mean of
2.5 pA, corresponding to the channel conductance of 25 pS. The
difference between the characteristic time of photoinactivation
and the single-channel lifetime of the minigramicidin covalent
dimer indicates that these parameters are determined by
different kinetic stages in the processes of formation/dissocia-
tion of the conducting state. Alternatively this difference can be
explained by participation of different oligomeric complexes in
the channel formation under single-channel and macroscopic
current conditions.
In the experiments shown in Figs. 2–6 the minigramicidin
covalent dimer was added at one side of the membrane. Control
experiments showed that the addition of the peptide at both
sides led to the induction of similar electrical current as in theFig. 7. A scheme of the peptide–lipid interaction leading to formation of
conducting channels. Panel A, ion channels under the single-channel conditions.
The single-stranded form is shown in conducting and non-conducting states.
Panel B, multi-channel conditions where the double-stranded dimeric form
predominates in the conductance.case of single-sided addition. The photoinactivation kinetics
was independent of the sign of the voltage applied (data not
shown).
4. Discussion
It has been shown that irradiation with visible light in the
presence of aluminum phthalocyanine [41] or Rose Bengal
[49,50] leads to complete suppression of the gramicidin-
mediated ionic current across BLM. Oxygen depletion of the
bathing solution diminished the current suppression signifi-
cantly thereby showing oxygen participation in sensitized
gramicidin photodamage [41]. The inhibition of the process
by singlet oxygen quencher sodium azide favoured the type
II reaction as the mechanism of the gramicidin photoinactiva-
tion [29]. Tryptophanyls 9, 11, 13 and 15 seem to be the
most susceptible residues for photomodification in gA.
Actually, gramicidin analogues with Phe substituted for Trp
showed the decreased sensitivity to photoinactivation [49]. It
has been shown also that prolonged illumination in the
presence of Rose Bengal leads to fragmentation of gA at the
positions of tryptophan residues [51]. According to our recent
data [52], tryptophan fluorescence of gramicidin incorporated
in liposomes is abolished upon photodynamic treatment
suppressing the channel activity. All these data show that
tryptophan residues represent the main target for singlet
oxygen in the process of sensitized photoinactivation of gA.
It is reasonable to suggest that the mechanism of mini-
gramicidin photoinactivation is similar to that of gA. Actually
minigramicidin retains all of the tryptophan residues present
in gA.
Apparently, the single-stranded β6.3-helices of the mini-
gramicidin covalent dimer, which prevail in a lipid membrane
as judged by the CD spectrum [27], occupy such a position in
BLM that renders them mostly nonconducting (see scheme in
Fig. 7). The existence of nonconducting single-stranded
dimeric forms has also been proposed for gA [26,53–55].
The ratio of the double-stranded and single-stranded forms of
the minigramicidin covalent dimer is expected to increase at
high concentrations of the peptide, for the double-stranded
form represents the dimer of covalent dimers. Since the
experimental conditions corresponding to single-channel and
macroscopic-current measurements differ by two orders of
magnitude in the minigramicidin concentration (Fig. 5), the
concentration of the double-stranded form should differ by
four orders of magnitude under these conditions, provided that
the concentration of the membrane-bound form of the peptide
is proportional to that in the bathing solution. In view of this,
it can be suggested that under the conditions of single-channel
measurements the conducting state of the minigramicidin
covalent dimer represents the single-stranded β6.3-helical
conformation, whereas the macroscopic current (measured in
the photoinactivation experiments) is provided by the dimer of
covalent dimers in the double β5.7-helical conformation (Fig.
7). Correspondingly, from single-channel (Fig. 6) and
photoinactivation (Fig. 2) measurements, the single-channel
lifetime of the minigramicidin covalent dimer is tentatively
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conformation and about 0.4 s in the double β5.7-helical
conformation. Based on these values, the increase in the
characteristic time of minigramicidin covalent dimer photo-
inactivation observed upon increasing the peptide concentra-
tion (Fig. 3A) can be explained by the increase in the
contribution of the double β5.7-helices to the overall conduc-
tance. The idea that different conducting states of the
minigramicidin covalent dimer predominate under single-
channel and macroscopic-current conditions is supported by
the drastic difference in the effects of cholesterol on the
single-channel lifetime (Fig. 6D) and the characteristic time
of photoinactivation (Fig. 3B). It can be assumed that the
double β5.7-helical conformation of the minigramicidin
covalent dimer is stabilized in the presence of cholesterol,
in contrast to the single-stranded β6.3-helical conformation of
this peptide, the latter being in agreement with the data on gA
[56–58].
Alternative explanation of the marked difference between
the single-channel and photoinactivation data obtained with the
minigramicidin covalent dimer can be based on the assumption
of lateral aggregation of single-stranded β6.3-helices at high
concentrations. It has been shown earlier that aggregation of
charged (modified) gramicidin channels caused by interaction
with oppositely charged polyelectrolytes results in the
considerable deceleration of the photoinactivation kinetics
[34–37]. According to the theoretical consideration of [59],
clustering-induced stabilization of gramicidin channels is
explained by the energetic benefit in the formation of
neighbouring channels due to elastic deformation of the lipid
bilayer. Actually, the gramicidin channel length is smaller than
the membrane thickness, and therefore the channel formation
is accompanied by the local membrane thinning and an
increase in free energy of the system [60,61]. The elastic
deformation of the membrane caused by the formation of one
channel facilitates the membrane thinning and the formation of
other channels in its vicinity. The validity of this theoretical
approach has been recently confirmed by the data of [13,32,62]
on the stabilization of tandem twin channels as compared to
single channels.
It is noteworthy that lateral aggregation of gA at high
concentrations, depending, in particular, on membrane thick-
ness, was observed in a series of studies [63]. Moreover, certain
properties of the macroscopic current mediated by the gA
covalent dimer were ascribed to the contribution of its
aggregated forms [26]. However, it was proved that under
single-channel conditions, the conducting state of gA represents
the transmembrane dimer [53]. Our data obtained with the
minigramicidin covalent dimer point to the involvement of an
aggregate of this peptide in the formation of its conducting state
at high concentrations. Taking into account the quadratic
dependence of the minigramicidin covalent dimer-induced
conductance of BLM on the peptide concentration and the
peculiar features of the CD spectrum of this peptide in the lipid
bilayer, the formation of double-stranded dimers of covalent
dimers at high peptide concentrations in the membrane seems
more plausible than clustering of minigramicidin channels.Acknowledgements
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